Challenge of neutrophils with concanavalin A (ConA), formylmethionyl-leucyl-phenylalanine (FMLP), and phorbol 12-myristate 13-acetate (PMA) induced the tyrosine phosphorylation of several proteins. Among these proteins we have identified two mitogen-activated protein kinase (MAPK) isoforms of 43 kDa (p43 MAPK) and 45 kDa (p45 MAPK) molecular mass. Moreover here we show that: (1) FMLP induced the tyrosine phosphorylation of the p43 MAPK, and ConA that of p45 MAPK, while PMA induced the tyrosine phosphorylation of both p43 and p45 MAPK; all these agonists induced the tyrosine phosphorylation of a 75 kDa protein (p75). (2) 
INTRODUCTION
It is well established that the serine/threonine phosphorylation by protein kinases of several components such as cytosolic factors p47phox and p67phox, and the gp9lphox and p22phox subunits of cytochrome b558, is involved in the activation of NADPH oxidase, the superoxide-generating enzymic system of phagocytes [1] [2] [3] [4] [5] [6] [7] . However, the signalling events that lead to the activation of the protein kinases involved, as well as the role of phosphorylation of oxidase components in the assembly and activity of the enzymic system, have not been fully elucidated. In this respect, it has been proposed that the activation of tyrosine kinases may also be involved in the activation of NADPH oxidase. In fact, several investigations have shown that the neutrophil respiratory burst that occurs in response to several agonists such as phorbol 12-myristate 13-acetate (PMA), formylmethionyl-leucyl-phenylalanine (FMLP), granulocyte-macrophage colony-stimulating factor (GM-CSF), C5a, leukotriene B4 (LTB4), platelet-activating factor (PAF), heat-aggregated IgG, and guanosine 5'-[y-thio]triphosphate in permeabilized cells, was associated with the tyrosine phosphorylation of many proteins [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Moreover, it has been demonstrated that tyrosine kinase activation is responsible for the activation of phospholipases D [23] [24] [25] [26] [27] and Cy2 [28] , two processes involved in the transmembrane signallings for the activation of the neutrophil respiratory burst [1, 3, 4] . In particular, it has been reported that p75, FMLP was not able to phosphorylate p43 MAPK and p75. (4) As previously observed in our laboratory, a double stimulation of Ca2+-depleted neutrophils with ConA plus FMLP induced a respiratory burst in the absence of activation of second messengers derived from phospholipase C, D and A2 activity. This respiratory burst was accompanied by tyrosine phosphorylation of both p43 and p45 MAPKs. These results indicate that when FMLP is the agonist, both the tyrosine phosphorylation of p43 MAPK and p75, and the activation of NADPH oxidase, are coupled to Ca2'-dependent mechanisms.
On the contrary, ConA can induce the tyrosine phosphorylation of p45 MAPK and p75 independently of calcium, but an unknown Ca2+-dependent mechanism is necessary for the activation of NADPH oxidase by this agonist. This mechanism could be substituted by the induction of tyrosine phosphorylation of both p43 MAPK and p45 MAPK when Ca2+-depleted neutrophils are stimulated with ConA plus FMLP. the onset of the respiratory burst in response to FMLP is associated with the tyrosine phosphorylation of proteins of 40-44kDa [10, 11, 18] . These proteins have been identified as members of the mitogen-activated serine/threonine protein kinases (MAP kinases) family [29, 30] , also named extracellular signal-regulated kinases (ERK kinases), that are involved in the transmembrane signalling of several growth factors [31] [32] [33] .
The potential role of MAP kinases in the activation of the NADPH oxidase remains to be clarified. It has been reported recently that p41 MAP kinase/ERK 2 was able to phosphorylate a synthetic peptide of p47phox [34] , and to phosphorylate and activate a purified cytosolic phospholipase A2 [35] . In this paper, we present evidence that tyrosine phosphorylation of p43 and p45 MAP kinases and of a 75 kDa protein is involved in the signalling pathways for the activation of the neutrophil NADPH oxidase induced by FMLP and ConA. The possible identity of the 75 kDa protein is also discussed. 
MATERIALS AND METHODS

Neutrophil preparation
Human neutrophils were prepared from venous blood of healthy donors as previously described [36] . Cells were resuspended in phosphate-buffered saline, then treated at 4°C for 10 min with 2 mM di-isopropyl fluorophosphate (DFP; Sigma Chemical Co.), washed and resuspended in Hanks' balanced salt solution buffered with 20 mM Hepes (pH 7.4), and containing 0.5 mM CaCl2 and 5.6 mM glucose.
Cellular Ca2+ depletion
When required, a portion of the cells was suspended at a final concentration of 6 x I07 cells/ml in Hanks' balanced salt solution without calcium. These cells were depleted of calcium as previously described [37] . Briefly, neutrophils were incubated with 1 mM EGTA and 30,M Quin 2/AM for 60 min at 37°C under agitation. At the end of incubation the cells were washed twice and resuspended in Hanks' balanced salt solution containing 1 mM EGTA. This treatment results in a decrease of the free cytosolic calcium concentration to less than 10 nM, monitored according to [38] .
Metabolic studies
Oxygen consumption was measured at 37°C with a Clark oxygen electrode using 1.5-2.0 x 107 neutrophils/ml in Hanks' balanced salt solution containing 2 mM NaN3, 5,ug/ml cytochalasin B and, in the case of Ca2l-depleted neutrophils, 1 
Electrophoresis and immunoblotting
Aliquots of samples from resting and activated neutrophils that contained the same amount of proteins (30 ,tg) were subjected to SDS/PAGE according to Laemmli [40] . Proteins were electroblotted as previously described [6] . The blots were incubated for 120 min in TBS buffer (50 RESULTS AND DISCUSSION Protein tyrosine phosphorylation Figure 1 (a) shows the tyrosine phosphorylation patterns observed after challenge of neutrophils with FMLP (5 ,tM) for 1 min or with Con A (300 ,ug/ml) or PMA (100 ng/ml) for 4 min. These time points were chosen because they correspond to those at which a maximal rate of NADPH oxidase activity was observed in response to these agonists. All [48] . nding with an When we tried to immunoprecipitate this protein with a specific ollectively, the anti-raf-1 antibody, this antibody failed to immunoprecipitate ation patterns raf-1. We therefore reprobed the blot depicted in Figure l Figure 1 . Reactions were stopped and samples were boiled in electrophoresis sample buffer, subjected to SDS/10% PAGE, and immunoblotted with anti-phosphotyrosine mAb 4G10. Oxygen consumption was also determined in parallel assays (numbers indicate the time points in minutes at which protein tyrosine phosphorylation was investigated). Abbreviation: R, resting neutrophils. The data are from one experiment representative of three.
their role in non-dividing cells such as neutrophils remains poorly understood. It is known that two kinds of responses are induced in neutrophils following challenge with PMA, ConA or FMLP: some are rapid, such as the activation of NADPH oxidase responsible for the respiratory burst [1, [3] [4] [5] , some others are slow, such as cytokine production [53] . Here, we tried to elucidate whether tyrosine phosphorylation of MAP kinases and of p75 (raf-l ?) induced by PMA, ConA or FMLP may be involved in the activation of NADPH oxidase. To this end, we used three approaches: (a) we examined the effect of genistein, an inhibitor of tyrosine kinases, on both tyrosine phosphorylation and activation of NADPH oxidase; (b) we compared the kinetics of tyrosine phosphorylation with those of NADPH oxidase activation as determined by the measurement of oxygen consumption in whole cells; (c) we investigated the tyrosine phosphorylation pattern induced by FMLP, ConA and PMA in Ca2+-depleted neutrophils in parallel with the activation of NADPH oxidase under these conditions.
(a) Effect of genistein on protein tyrosine phosphorylation and on the induction of the respiratory burst in normal neutrophils Figure 2 shows the effect of genistein (120,uM) on tyrosine phosphorylation and on the respiratory burst induced by FMLP, ConA and PMA, under the same conditions reported in Figure  1 . At this genistein concentration, the cell viability was not affected as determined by Trypan Blue exclusion (results not shown). When FMLP or ConA were used as stimuli, genistein depressed the tyrosine phosphorylation of all protein bands including that of p75, while it completely suppressed that of p43 MAPK and p45 MAPK. Under these conditions, the respiratory burst induced by FMLP or ConA was also completely abrogated by genistein. When PMA was used as stimulus, genistein pretreatment decreased the tyrosine phosphorylation of all the proteins, including that of p75, and suppressed that of both p43 MAPK and p45 MAPK, but it did not affect the PMA-elicited NADPH oxidase activity. Similar results were obtained pretreating the cells for 60 min at 37°C with 10 ,ug/ml erbstatin, another tyrosine kinase inhibitor (results not shown). These data indicate that the activation of NADPH oxidase could involve protein tyrosine phosphorylation in neutrophils stimulated with ConA and FMLP, but not with PMA. Consistent with this conclusion is that similar observations have been reported in the case of PMA and FMLP [10, 11, 18, 54, 55] . That genistein was found to be most effective in inhibiting the tyrosine phosphorylation of p43 MAPK and p45 MAPK suggests that these kinases could play a prominent role in NADPH oxidase activation induced by ConA and FMLP. However, the involvement of other proteins, whose tyrosine phosphorylation is also depressed by genistein, cannot be ruled out.
(b) Time course of tyrosine phosphorylation and oxygen consumption in normal neutrophils in response to FMLP and ConA The possibility that p43 MAPK, p45 MAPK and p75 could be involved in the FMLP-or ConA-induced activation of NADPH oxidase was further supported by comparing the time courses of their tyrosine phosphorylation with those of the respiratory burst. Indeed, it was found that the kinetics of the respiratory burst only showed a good correlation with those of p75, p43 MAPK and p45 MAPK tyrosine phosphorylation. Figure 3 shows that (1) Figure 1 , or with FMLP (5 gM) added after 3 min of pretreatment with ConA (300 ,ug/ml) (Co + F). In this latter case,. the reaction was stopped 5 min after stimulation with ConA (i.e. 2 min after addition of FMLP). Cells were then lysed and subjected to SDS/10% PAGE. Blots were probed with anti-phosphotyrosine mAb 4G10.. Oxygen consumption was determined in parallel assays (numbers indicate the time points in minutes at which protein tyrosine phosphorylation was investigated). Abbreviation: R, resting neutrophils. Data are from one experiment representative of five.
densitometric analysis of tyrosine phosphorylated bands (results not shown). These findings suggest that the respiratory burst induced by FMLP correlated with the increase in tyrosine phosphorylation of p43 MAPK and p75, while the respiratory burst induced by ConA correlated with the increase of p45 MAPK and p75 tyrosine phosphorylation. It is worth pointing out that in response to both ConA and FMLP, the kinetics of p45 MAPK and p43 MAPK tyrosine phosphorylation respectively, were paralleled by those of p75, suggesting a strict correlation between the tyrosine phosphorylation of p75 and that of these MAP kinases. This further suggests that p75 may represent raf-1, which may indirectly account for the tyrosine phosphorylation of both MAP kinases, especially since such an occurrence has been reported in different cell types [46, 47] .
(c) Protein tyrosine phosphorylation and respiratory-burst induction in
Ca2+-depleted neutrophils
On the basis of previous work from our laboratory [6, 56, 57] , it is known that Ca2l-depleted neutrophils (1) do not respond to FMLP or ConA (as sole stimuli) with a respiratory burst and with an increased production of second-messenger inositol phosphates, phosphatidic acid, arachidonic acid, and diacylglycerol from the stimulation of phospholipase C, D and A2; (2) are capable of generating a respiratory burst, in spite of the Ca2+-depleted neutrophils were stimulated at 37°C under agitation with ConA alone (a) (300 ug/ml) or ConA (300 ,ug/ml) followed by FMLP (5 ,uM) (b) as described in Figure 4 , for the indicated times. Samples were subjected to SDS/PAGE and immunoblotted with anti-phosphotyrosine mAb 4G10. Only the tyrosine phosphorylation of p75 and of the MAP kinases are shown. Oxygen consumption was also determined in parallel assays (numbers indicate the time points in minutes at which the sampling was made). The data are from one experiment representative of five.
absence of Ca2+ changes and production of second messengers from phospholipid hydrolysis, in response to ConA and FMLP if these agents are simultaneously or sequentially added; and (3) remain able to respond with a respiratory burst to PMA.
We therefore characterized the tyrosine phosphorylation pattern and the stimulation of the respiratory burst in Ca2+-depleted neutrophils challenged with FMLP, ConA and PMA alone, or with ConA and FMLP added together, in the presence or absence of 120 ,uM genistein. Figure 4 shows that the PMAinduced respiratory burst and protein tyrosine phosphorylation were similar to those induced in normal (i.e. not Ca2+-depleted) neutrophils, with regard to the pattern and the extent of protein phosphorylation, as well as to the inhibition by genistein. This therefore indicates that the PKC-mediated mechanisms of activation of tyrosine kinases are Ca2+-independent. Figure 4 also shows that FMLP or ConA alone failed to induce a respiratory burst in Ca2+-depleted cells. Similarly, FMLP did not induce protein tyrosine phosphorylation in these cells. However, the ConA-induced protein tyrosine phosphorylation pattern was essentially the same in Ca2+-depleted neutrophils, relative to normal cells (see Figures 1 and 2) . Accordingly, genistein profoundly inhibited the ConA-induced tyrosine phosphorylation of p45 MAPK and p75, as observed in normal cells (see Figure 2) .
As expected on the basis of our previous results [56] , the sequential stimulation of Ca2"-depleted neutrophils with ConA and FMLP resulted in the generation of a respiratory burst, which was paralleled by a protein tyrosine phosphorylation. Interestingly, this was accompanied by tyrosine phosphorylation of both p43 MAPK and p45 MAPK, while cell stimulation by these agents used as single stimuli had led to the phosphorylation of only one MAPK species, i.e. p43 MAPK with FMLP alone in normal neutrophils, and p45 MAPK with ConA alone in normal or Ca2+-depleted neutrophils (Figures 2 and 4) . Moreover, the sequential stimulation of Ca2+-depleted cells with ConA and FMLP induced a hyperphosphorylation of p75. Under these conditions, genistein markedly inhibited p75, p45 MAPK and p43 MAPK phosphorylation, as well as the respiratory burst ( Figure 4) .
We next investigated whether the tyrosine phosphorylation of the MAP kinases and p75 were temporally correlated with the onset of the respiratory burst in Ca2l-depleted neutrophils stimulated with ConA and/or FMLP. Figure 5 shows that when ConA was used as a single stimulus, tyrosine phosphorylation of p45 MAPK and p75 was detectable at 0.5 min, and increased with time (up to 7 min) in the absence of respiratory burst. In comparison, when the cells were stimulated with FMLP following ConA exposure, the tyrosine phosphorylation of p75 was further increased, and that of p43 MAPK became detectable. Under these conditions, the respiratory burst was also restored. In contrast, the tyrosine phosphorylation of the 130, 100, 90, 85, and 68 kDa proteins was detectable after 0.5 min of ConA stimulation, but did not increase with time, regardless of whether FMLP was added as second agonist (results not shown).
In a final series of experiments, we investigated whether the tyrosine phosphorylation of the MAP kinases is correlated with their activation. For this purpose we have immunoprecipitated the MAP kinases from lysates of both normal and Ca2l-depleted neutrophils with a specific antibody that recognizes the 43 not induce the tyrosine phosphorylation of p43 MAPK (Figure 4 ), was not able to activate MAP kinases in these cells ( Figure 6 ). Figure 6 also shows that pretreatment of neutrophils with 120 ,uM genistein, which suppressed the tyrosine phosphorylation of MAP kinases induced by all the stimulants (Figures 2 and 4 It can be postulated, on the basis of the findings presented by others, that tyrosine kinases are involved in activation of phospholipases D [23] [24] [25] [26] [27] and A2 [35, 58] , that the phosphorylation of p75 (raf-l ?), p43 MAPK and/or p45 MAPK by ConA and FMLP is involved in the activation of NADPH oxidase through the activation of phospholipase A2 and/or D.
The results of the experiments in Ca2+-depleted neutrophils allow us to better understand some properties of the above sequence of reactions. The fact that in Ca2+-depleted neutrophils ConA, when added alone, is unable to activate the NADPH oxidase (Figures 4 and 5 In contrast with what happens with ConA, when FMLP is the agonist the stimulation of the tyrosine kinase responsible for the phosphorylation of p75 and p43 MAPK is coupled to an upstream Ca2+-dependent mechanism. This Ca2+-dependent mechanism for the phosphorylation of p75 and p43 MAPK can be substituted by the previous phosphorylation of both p75 and p45 MAPK, as occurs when FMLP is added to Ca2+-depleted neutrophils pretreated with ConA. The mechanism by which a previous phosphorylation of p75 and/or p45 MAPK allows p43 MAPK to be phosphorylated independently of calcium remains to be investigated.
